Background {#Sec1}
==========

In recent years, the rapid development of human beings has led to the gradual depletion of fossil energy \[[@CR1]--[@CR3]\]. Therefore, researchers are striving to find an environmentally friendly energy source to curb this vicious circle, so that hydrogen can be held on the throne of energy. However, traditional photolysis and electrolysis of water to produce hydrogen are in a difficult bottleneck in terms of efficiency. Whereas with the introduction of high-efficiency electrolyzed water-catalyzed hydrogen production catalysts, people have made a qualitative leap in the mass production of hydrogen. This catalyst-mediated electrocatalytic process requires the catalyst itself to have low hydrogen evolution reaction (HER) overpotential. Although the noble metals such as Pt at this stage have extremely low overpotential and excellent stability, they are expensive \[[@CR4]--[@CR6]\]. The scarcity of available soil limits the large-scale application of such catalysts \[[@CR7]--[@CR9]\]. Therefore, finding a material with low cost and relatively good electrocatalytic hydrogen evolution performance has been a hot spot in the past few years \[[@CR10]--[@CR13]\].

It is worth noting that recently researchers have found that some non-precious metal catalysts have a good price/performance ratio in the direction of hydrogen evolution, among which the most widely used Molybdenum phosphide (MoP) in transition metal phosphides (TMPs) \[[@CR14]--[@CR17]\]. Sun et al. mixed (NH~4~)~6~Mo~7~O~24~·4H~2~O, (NH~4~)~2~HPO~4~ and citric acid (CA) in different molar ratios, when Mo:P:CA = 1:1:*x* and *x* = 2, the formation of crosslinked network structure MoP nanoparticles have the best HER performance \[[@CR18]\]. Joshua et al. prepared amorphous MoP nanoparticles with good HER properties by heating hexacarbonyl molybdenum and trioctylphosphine (TOP) \[[@CR19]\]. However, the conductivity of pure molybdenum phosphide is not satisfactory, and the hydrogen evolution performance and stability in an alkaline solution are not as good as in an acidic environment, so that the conductivity and stability can be enhanced by introducing a carbon-based material \[[@CR20]--[@CR22]\].

We achieved high-efficiency two-step synthesis by introducing urea as a carbon source in the molybdenum phosphide system, and successfully prepared N, C co-doped MoP (MoP-NC) nanoparticles, which have excellent catalytic activity and stability even in alkaline electrolytes. In addition, we designed two control groups that explored urea action including no carbon source and glucose instead of urea as the carbon source. Interestingly, the former is always weaker than the latter when using glucose and urea as carbon sources, respectively. This can be attributed to the role of urea as both a carbon source and a nitrogen source for the auxiliary synthesis of molybdenum phosphide \[[@CR23]\].

Presentation of the Hypothesis {#Sec2}
==============================

Molybdenum phosphide is widely used as non-precious metal catalyst in the direction of hydrogen evolution. The introduction of carbon source can improve the conductivity and stability of the electrocatalyst. The introduction of nitrogen source can improve the hydrogen evolution performance in an alkaline solution.

Testing the Hypothesis {#Sec3}
======================

Materials {#Sec4}
---------

Urea (CH~4~N~2~O), glucose (C~6~H~12~O~6~), ammonium dihydrogen phosphate (NH~4~H~2~PO~4~), and ammonium heptamolybdate ((NH~4~)~6~Mo~7~O~24~·4H~2~O) were purchased from Sinopharm Chemical Reagent Co., Ltd. KOH was purchased from Aladdin Ltd. in Shanghai. Deionized water used in the experiment was from ultrapure water equipment.

Sample Preparation {#Sec5}
------------------

In the typical synthesis of MoP-NC, (NH4)~6~Mo~7~O~24~·4H~2~O (0.240 g), NH~4~H~2~PO~4~ (0.167 g), and CO(NH~2~)~2~ (2.000 g) were dissolved in 50 mL of deionized water and subjected to 15 min of sonication. Thereafter, the resulting solution was heated to 80 °C and magnetically stirred for 90 min, remained relatively closed throughout the reaction, and then was dried in a freeze dryer. The obtained white precursor powder was heated from room temperature to 900 °C at a rate of 5 °C/min under a N~2~ atmosphere for 120 min. In order to explore the influence of carbon source on material synthesis, MoP-C was prepared by using glucose instead of urea as carbon source. When no carbon source or phosphorus source was added, Bulk-MoP and Mo-NC were prepared, respectively.

Characterizations {#Sec6}
-----------------

The X-ray diffraction (XRD) information was collected on an X-ray diffraction (XRD, Bruker D8-Advance diffractometer with Cu Kαradiation (*λ* = 1.54056 Å)). The microstructure of the sample was obtained by a field emission scanning electron microscopy (FE-SEM, S-4800, Hitachi, Japan). The TEM images were performed on a transmission electron microscopy (TEM, JEM-2100, JEOL, Japan). The chemical components were analyzed by an X-ray photoelectron spectroscopy (XPS) with Mg Kα as a monochromatic X-ray source.

Electrochemical Test {#Sec7}
--------------------

All electrochemical measurements were performed on an electrochemical workstation (CHI 660E Chenhua, Shanghai) equipped with a conventional three-electrode system of Pine Modulated Speed Rotator (PINE, USA). The Pt wire and the saturated calomel electrode (SCE) corresponded to the counter electrode and the reference electrode, respectively, and the glassy carbon electrode and the rotating disk device were connected as a working electrode. In addition, 1 M KOH electrolyte was provided for testing. The working electrode was prepared as follows: First, 5 mg of the catalyst was dissolved in a solution mixed with 350 μL of isopropanol, 650 μL of deionized water, and 50 μL of 5 wt% Nafion. Next, after the abovementioned mixed solution was ultrasonicated for 30 min, a uniformly dispersed ink was obtained. Finally, 10 μL of the ink was dropped on a glassy carbon electrode (diameter, 5 mm) for natural air-drying treatment, wherein the catalyst had an areal density of 0.485 mg cm^−2^. In order to better describe the performance parameters of the sample, we used a Pt/C catalyst (20 wt%) for comparison, and the preparation process was the same as that of the above working electrode. A sweep speed of 10 mV s^−1^ was used for linear sweep voltammetry (LSV) measurements. Tafel was obtained by fitting the appropriate region curve according to the Tafel equation, and the electrochemical stability was obtained by performing 1000 cycles with the sweep speed of 100 mV·S^−1^. The double-layer capacitance (*C*~dl~) data is derived from cyclic voltammetry (CV), which is performed at the same voltage range (0.847--0.947 V vs RHE) at different scan rate ranges (20--200 mV). Electrochemical impedance spectroscopy (EIS) measurements were made at a constant potential amplitude of 10 mV over the default frequency range (1--10^5^ Hz).

Implications of the Hypothesis {#Sec8}
==============================

Figure [1](#Fig1){ref-type="fig"}a showed the XRD pattern of MoP-NC presents diffraction peaks at 27.95, 32.17, 43.15, 57.48, 57.95, 64.93, 67.03, 67.86, and 74.33, corresponding to the nine different crystal faces of MoP. SEM images of MoP-NC showed amorphous small particles microstructures (Fig. [1](#Fig1){ref-type="fig"}b). The particles gathered together to form small clusters, but there was still a certain gap between the clusters. This small and dense structure made MoP-NC both have considerable catalytic activity and good stability (Fig. [1](#Fig1){ref-type="fig"}c). It can be seen from TEM and high-resolution TEM (HRTEM) (Fig. [1](#Fig1){ref-type="fig"}d, e) that these nanoparticles showed distinct lattice fringes, such as lattice fringes from the (100) plane with a pitch of 0.28 nm. In addition, outside these well-defined lattice fringe regions were MoP-NC nanoparticle edges, which strongly supported the incorporation of MoP-NC nanoparticles into the carbon matrix. The corresponding EDS element mapping image (Fig. [1](#Fig1){ref-type="fig"}f--i) further verified the uniform distribution of the four elements in the product MoP-NC. Fig. 1**a** XRD patterns for MoP. **b**, c SEM images of MoP-NC. **d**, **e** TEM and HRTEM images of MoP-NC. **f**--**i** corresponding EDS elemental mapping images of Mo, P, C, and N

To further understand the elemental distribution of MoP-NC, XPS was characterized. In the Mo 3d spectral region, Mo contains two states of Mo^3+^ and Mo^6+^ (Fig. [2](#Fig2){ref-type="fig"}a). The presence of Mo 3d~3/2~ and Mo 3d~5/2~ in the Mo^3+^ state led to micro-vibration peaks at 231.5 and 228.2 ev, while the peaks of 235.5 and 232.4 ev were attributed to Mo 3d~3/2~ and Mo 3d~5/2~ in the Mo^6+^ state, because the surface of the MoP-NC material was inevitably oxidized in the air \[[@CR24], [@CR25]\]. In the P 2p region (Fig. [2](#Fig2){ref-type="fig"}b), micro-vibration peaks of 130.7 and 129.4 eV were assigned to P 2p~1/2~ and P 2p~3/2~, respectively, revealing the presence of P^3−^ \[[@CR26]\]. The peak at 133.9 eV can be attributed to PO~4~^3−^ \[[@CR27]\]. In the C 1s XPS spectrum (Fig. [2](#Fig2){ref-type="fig"}c), the main peaks corresponding to the three chemical bonds were 228.7 eV (O-C=O), 284.8 eV (C-N/C=C), and 286.3 eV (C-C), respectively \[[@CR28]\]. The appearance of C-N/C=N suggested that some of the carbon atoms in MoP-NC were replaced by nitrogen atoms to form N-doped carbon. In the spectrum of N 1s (Fig. [2](#Fig2){ref-type="fig"}d), three different nitrogen environments can be solved from this region, wherein the peaks of 398.4 and 402.1 eV with larger binding energies corresponded to the major amounts of pyridinium and the minor amount of quaternary nitrogen, respectively. In addition, a peak at 394.5 eV was designated as a combination of N and Mo 3p \[[@CR29]\]. Fig. 2XPS spectra of (**a)** Mo 3d, (**b)** P 2p, (**c**) C 1s, and (**d**) N 1s regions

The electrocatalytic HER activity of MoP-NC in 1 M KOH (pH = 14) used typical three-electrode system with the sweep speed of 10 mV s^−1^. Since the properties of the prepared materials required comparative analysis, Mo-NC, Bulk-MoP, and MoP-C were also studied. Figure [3](#Fig3){ref-type="fig"}a depicted LSV curves. The addition of Pt/C and a blank glassy carbon electrode (Blank) made the entire curves look more hierarchical. The overpotential of MoP-NC at a current density of 10 mA cm^−2^ requires only 131 mV, which was significantly better than that of Mo-NC and Bulk-MoP. Furthermore, the LSV performance of MoP-C prepared from glucose instead of urea as a carbon source was also dwarfed by MoP-NC. It is worth noting that compared to HER in an acidic solution, the rate of H ion production during the decomposition of HER water in the alkaline was slower (about 2--3 orders of magnitude lower than acidic activity) and had a larger challenging \[[@CR30]--[@CR32]\]. Figure [3](#Fig3){ref-type="fig"}b showed the fitted Tafel graph equation: *η* = *a* + *b* log *j*, where *b* is the Tafel slope and *j* is the current density \[[@CR33]\]. The Tafel slope of Pt/C is 58 mV dec^−1^, compared with Mo-NC (121 mV dec^−1^), Bulk-MoP (135 mV dec^−1^), and MoP-C (75 mV dec^−1^), MoP-NC had a lower parameter of only 66 mV dec^−1^, indicating that the HER catalytic kinetics for the MoP-NC electrode were faster. At the same time, we found that the MoP-NC in this work was quite competitive with the HER performance of the previously reported Mo-based composite/carbon electrocatalyst (Table [1](#Tab1){ref-type="table"}). As can be seen from Table [1](#Tab1){ref-type="table"}, most of the MoP-based materials were based on acidic conditions and were rarely tested under alkaline conditions \[[@CR17]--[@CR19], [@CR22]--[@CR24], [@CR34]--[@CR37]\]. In addition, some of them had been tested in both acidic and alkaline environments \[[@CR38]--[@CR41]\]. However, only amorphous carbon-coated MoP materials in these materials performed better in alkaline environments than in acidic environments. The reason why MoP-NC in our work can achieve good HER performance in alkaline environment was because urea was used as both a carbon source and a nitrogen source in the synthesis process, during which it also decomposed some gas. It slowed down the polymerization of N and C co-doped MoP, which played an excellent auxiliary synthesis role. The stability of the prepared materials was continuous CV with a scan rate of 100 mV s^−1^. After 1000 cycles, the LSV curve had a small current density loss compared to the initial value (Fig. [3](#Fig3){ref-type="fig"}c). Figure [3](#Fig3){ref-type="fig"}d showed the CV plots of MoP-NC, which was performed at the same voltage range (0.847--0.947 V vs RHE) at different scan rate ranges (20--200 mV). To further explore the double-layer capacitance (*C*~dl~) of the material, the *C*~dl~ of a series of control groups was shown in Fig. [3](#Fig3){ref-type="fig"}e. The *C*~dl~ of Mo-NC, Bulk-MoP, and MoP-C were 0.8 mF cm^−2^, 60 μF cm^−2^ and 1.6 mF cm^−2^, respectively, while the *C*~dl~ of MoP-NC was 10.9 mF cm^−2^ which was much larger than the above materials. The suggestion indicated that MoP-NC had a higher active surface area. Furthermore, the conductivity of MoP-NC was evaluated by electrochemical impedance spectroscopy (EIS). Figure [3](#Fig3){ref-type="fig"}f showed the Nyquist diagram of the different catalysts. The charge transfer resistance of the MoP-NC catalyst was lower than that of other catalysts, which meant that the faster electron transfer ratio of the MoP-NC catalyst after N, C co-doping further enhanced the electrocatalytic performance of HER. Fig. 3**a** LSV curves with scan rate of 10 mV s^−1^ at room temperature in 1 M KOH. **b** Tafel plots of the as-synthesized samples. **c** Stability of MoP-NC after 1000 cycles of voltammetry (CV) cycle. **d** CV plots of MoP-NC at a scan rate between 20 and 200 mV s^−1^. **e** Double-layer capacitor (*C*~dl~) of Mo-NC, Bulk-MoP, MoP-NC, and MoP-C with a capacitor current of 0.1 V. **f** The EIS spectra of Mo-NC, Bulk-MoP, MoP-NC, and MoP-C Table 1Comparison of HER performance of MoP-NC with the reported Mo compounds/carbon electrocatalystsCatalystsElectrolyteCatalyst loading (mg cm^−2^)*η*~10~ (mV)Tafel slope (mV dec^−1^)ReferenceMoP-NC1 M KOH0.48513166This workMoP\@PC0.5 M H~2~SO~4~0.4115366\[[@CR16]\]MoP networks0.5 M H~2~SO~4~0.3612554\[[@CR17]\]MoP (nano)0.5 M H~2~SO~4~19045\[[@CR18]\]MoP-C0.5 M H~2~SO~4~0.8416982\[[@CR21]\]MoP\@NC0.5 M H~2~SO~4~0.7013557\[[@CR22]\]MoP0.5 M H~2~SO~4~0.8613754\[[@CR23]\]MoP sheets0.5 M H~2~SO~4~0.35717254.5\[[@CR31]\]Mo2C/MoP\@NPC0.5 M H~2~SO~4~/16075\[[@CR32]\]MoP\@NC-CF0.5 M H~2~SO~4~0.3612553\[[@CR33]\]CQDs/MoP1 M KOH/17256\[[@CR34]\]MoP/NC0.5 M H~2~SO~4~0.5612052\[[@CR35]\]1 M KOH17050MoP-RGO0.5 M H~2~SO~4~0.4211762\[[@CR36]\]1 M KOH15062MoP/Mo~2~C\@C0.5 M H~2~SO~4~0.4538945\[[@CR37]\]1 M KOH7558N-MoP\@C0.5 M H~2~SO~4~0.50915062\[[@CR38]\]1 M KOH12549

Conclusions {#Sec9}
===========

In summary, we synthesized the amorphous small particles of MoP-NC by a simple and efficient two-step method. Since the MoP nanoparticles were coated with carbon, they partially aggregated together. Fortunately, this structure does not drag the performance of the material itself but also contributes to its stability. This overall dispersion, locally aggregated small-particle material reached a current density of 10 mA cm^−2^ in 1 M KOH requiring only an overpotential of 131 mV, which is superior to the reported HER performance of a single molybdenum phosphide material in an alkaline environment. In addition, the material exhibited negligible performance degradation even after scanning 1000 CV cycles. Our results show that carbon-coated MoP can also overcome the alkaline environment to achieve excellent HER electrocatalytic activity and stability.
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